Whether the interval between preovulatory surges of LH was different between lines of turkey hens with either poor (RBC3 line, peak at 55%) or excellent rate of egg production (Egg line, peak at 85%) was examined. Laying hens were cannulated and bled hourly for 10 days at peak of production. A constant light photoschedule was used to avoid diurnal masking of innate circadian rhythms. The mean interval between LH surges in the RBC3 line was longer than in the Egg line and had a higher coefficient of variation. A few longer LH surge intervals (Ͼ72 h) were found in some RBC3 line hens (2 of 7 hens), but none were found in Egg line hens (0 of 11 hens). All progesterone (P 4 ) surges were coupled with LH surges, but not all LH-P 4 surges were coupled with ovipositions (blind LH-P 4 surges). The percentage of blind LH-P 4 surges was not different between lines. The baseline concentration of LH was higher in Egg line than RBC3 line hens, but LH surge amplitude, and surge duration were not different. The baseline and surge amplitude concentrations of P 4 were not different between lines, nor was the concentration of estradiol-17␤. The longer interval between LH surges was the major factor tested that was associated with the poorer egg production rate in RBC3 line hens in comparison to Egg line hens. A higher incidence of blind LH surges further contributed to lower egg production in RBC3 line turkey hens.
INTRODUCTION
In birds, ovulation and oviposition are processes controlled by LH and sex steroids, including progesterone (P 4 ). Surges of LH and P 4 have been observed between 4 and 7 h before ovulation in laying chicken [1] [2] [3] [4] , quail [5] , and duck [6, 7] hens, and 2-8 h before ovulation in laying turkey hens [8, 9] . Ovulation of the largest and most mature ovarian follicles occurred 15-30 min after oviposition in turkey hens laying on consecutive days [10] . The time delay for subsequent ovipositions to occur was calculated to be 29-35 h after the LH-P 4 surge in a line of turkey hens selected for increased egg production [11] . The changes in concentrations of LH and P 4 in turkey hens during single ovulatory cycles have been reported in detail [12] . Surges of LH occurred over several hours before declining to baseline levels, whereas P 4 surges increased slightly earlier and were maintained at higher levels about 2 h longer than LH surges. In laying turkey hens, very few low amplitude pulses of LH and no pulses of P 4 were detected in addition to the LH-P 4 surges associated with ovulations, suggesting that surge secretion of these hormones in laying turkey hens is associated with ovulations [12, 13] , and that between surges only infrequent short duration secretory episodes of LH of low amplitude occur.
With traditional genetic selection for growth rate, Pollock [14] recently reported that broiler female reproductive efficiency was gradually decreased, while the feed conversion efficiency was improved. Selection for rapid growth rate (increased body weight) in turkeys has been shown to lead to an increase in the number of yolky hierarchical ovarian follicles [15] [16] [17] and to be associated with an increase in the potential for simultaneous multiple ovulations. Generally, there is a negative genetic relationship between egg production rate (female reproductive efficiency) and growth rate (body weight) of turkey hens [15, 18] . Different lines of turkeys with different growth rates and egg production rates are maintained at the Ohio Agricultural Research and Development Center. One of these lines, the Egg line [19] , has been selected for 40 generations solely for improved egg production, resulting in hens that have a peak egg production rate of about 85% that then declines to about 60% after 35 wk of production [20] . But Egg line hens have a small body weight (about 6 kg) and a slow growth rate that is undesirable for most contemporary commercial turkey production. A second of these lines, RBC3, has a more rapid growth rate and heavier hen body weight (about 13 kg) but has a peak egg production rate of only about 55% that then declines to about 30% after 25 wk of production [21] . The RBC3 line is intermediate between dam and sire lines of commercial turkeys in growth rate and female reproductive efficiency [22] .
The objective of the present study was to determine if the difference in egg production rate between the RBC3 and Egg lines of turkey hens was associated with differences in the intervals between preovulatory surges of LH-P 4 , and surge and baseline concentrations of LH, P 4 , and estradiol-17␤ (E 2 ) at peak early egg production. The lines were also examined for ovarian and oviductal morphological differences.
MATERIALS AND METHODS

Animals
The turkey hens (12 Egg line and 12 RBC3 line) were housed individually at 16 wk of age individually in 60 ϫ 60 ϫ 80-cm wire enclosures bedded with wood shavings [20, 21] . Feed and fresh water were supplied ad libitum. The hens were exposed to a short day lighting treatment (6L:18D; lights-on at 0600 h). At 40 wk of age the hens were exposed to constant light (24L:0D) to induce ovulation.
Constant light has been shown to be photostimulatory in turkey hens [23] . Egg production began 2-3 wk later as expected [13, 24] . Egg laying was recorded once daily (0800 h) before serial bleeding and then three times per day, at 8-h intervals. All eggs were broken and examined for double yolks. Additionally, the hens were digitally palpated for presence of an egg in the shell gland during each egg gathering. The laying hens were cannulated and weighed about 3 days before starting serial bleeding as previously described [13] . Briefly, the cannulas (medical-grade silicone tubing, 0.025Љ inner diameter) were inserted about 10 cm into the right jugular veins. After insertion, the cannulas were continually flushed with a sterile solution of 7.596 g/L sodium chloride, 5.0 g/L sodium citrate, and 500 mg/L gentamicin at a rate of 8.0 ml/day until serial bleeding began. Serial blood samples were collected hourly from the hens for 10 days. The 1.5-ml blood samples were transferred to microfuge tubes containing 5 mg/ml of Na-citrate as an anticoagulant. After centrifuging the blood, the plasma was removed and stored at Ϫ200ЊC until assayed. The red blood cells were resuspended to original blood volume with sterile saline and returned to the individual hen of origin every 3-4 h to avoid hemodilution. An animal use protocol for these procedures was approved by the Institutional Laboratory Animal Care and Use Committee (protocol #99 AG008).
Complete serial blood collections were obtained from 7 out of 12 RBC3 and 11 out of 12 Egg line hens. All hens from whom complete serial blood collections were obtained were killed by an overdose of pentobarbital sodium (Socumb; The Butler Co., Columbus, OH) and autopsied. At autopsy, the following measurements were taken: 1) body weight, 2) weight of each yolky follicle in the ovarian hierarchy (follicles Ͼ0.8 g), 3) number of ruptured follicle structures, 4) number and weight of any atretic follicles, and 5) weights of oviduct and ovary without yolky follicles.
Luteinizing Hormone, P 4 , and E 2 Assays
Concentrations of plasma LH were measured by RIA as described previously [25] using 75 l plasma for each duplicate. The intraassay and interassay coefficients of variation (CV) determined with a pool of laying hen plasma (mean ϭ 3.05 ng/ml) were 5.3% and 7.0%, respectively.
Concentrations of plasma P 4 were measured by RIA as previously described [12] . Samples analyzed for P 4 were selected retrospectively in relation to surges of LH. Samples taken at 5 and 6 h before peak LH surges were assayed to estimate baseline levels of P 4 . Samples taken 2 and 3 h after LH surges were assayed to estimate P 4 surge amplitude levels [12] . Plasma volume for P 4 analyses was 15 l. The mean percent recovery after extraction was 74.8%, determined by adding 3 H-P 4 to control plasma. All samples were corrected for percent recovery. The intraassay and interassay CV determined with a pool of laying hen plasma (mean ϭ 8.05 ng/ml) were 8.6% and 6.7%, respectively.
Concentrations of plasma E 2 were measured by RIA as previously described [26] . Samples assayed were those taken at 8-h intervals. Plasma volume for E 2 analyses was 100 l. The percent recovery after extraction was 76.9%, determined by adding 3 H-E 2 to control plasma. All samples were corrected for percent recovery. The intraassay and interassay CV of a pool of laying hen plasma (mean ϭ 0.58 ng/ml) were 8.0% and 6.5%, respectively.
Statistical Analyses
The LH data were evaluated using the Pulsar algorithm [27] to identify LH surges, calculate LH baseline and surge amplitude concentrations, LH surge durations, and intervals between LH surges. The G-values used for Pulsar analysis were G(1) ϭ 50, G(2) ϭ 2.6, G(3) ϭ 1.9, G(4) ϭ 1.5, and G(5) ϭ 1.2. The standard deviations of the LH assay calculated and used were (9.03X)/100, where X is the sample mean of plasma LH concentration. The following measurements were analyzed by one-way ANOVA with lines as main effect and hen as error term: 1) body weight, 2) ovarian weight, 3) oviductal weight, 4) weight of largest yolky follicle, 5) number of yolky hierarchical follicles, 6) number of multiple (double and triple) follicular hierarchies, 7) baseline concentration of LH and P 4 , 8) mean concentration of E 2 , 9) surge amplitude concentrations of LH and P 4 , and 10) interval between LH surges. Each oviposition was retrospectively associated with a specific LH surge based on palpation and oviposition records. Surges of LH retrospectively identified to not be associated with a specific oviposition by palpation were called blind LH surges. The percentages of blind LH surges were transformed by arcsin transformation and analyzed by one-way ANOVA with line as the main effect and hen as error term.
RESULTS
Body weight, ovarian weight, oviductal weight, weight of the largest hierarchical follicles (F 1 ), and number of yolky follicles were all greater in RBC3 than Egg line hens ( Table 1 ). The mean number of atretic follicles was not different between lines (Table 1) . Atretic follicles were present in 3 of 7 RBC3 line hens (43%), but in only 1 of 11 Egg line hens (9%). The number of multiple follicular hierarchies was greater in RBC3 than Egg line hens (Fig. 1a) . Examples of hierarchical follicle weight distributions of hens from both lines are given in Figure 1 , b and c. Figure  1b is representative of hierarchical follicle weight distributions of hens with relatively few (RBC3 line hen) or no (Egg line hen) multiple hierarchical follicles, while Figure  1c is representative of hens of both lines with relatively many multiple hierarchical follicles.
The patterns of change in concentration of LH, P 4 , and E 2 over the 10 days of serial sampling are given in Figure  2 for three individual hens of each line. Not all LH surges were retrospectively associated with ovipositions (blind LH surges), whereas all LH surges were associated with P 4 surges. The total number of LH surges and mean number of LH surges per hen during 240 h of serial sampling, and between bird CVs of number of LH surges for the 7 RBC3 and 11 Egg line hens were 43, 6.1 Ϯ 0.4, and 6.2%; and 101, 9.2 Ϯ 0.8, and 8.2%, respectively.
The LH baseline concentration was lower in the RBC3 hens than in Egg line hens (Fig. 3a) . The mean amplitude of LH surges was not different between RBC3 and Egg line hens (Fig. 3b) . The range in amplitude of LH surges was 1.5 to 6.0 ng/ml in Egg line hens and 1.0-5.5 ng/ml in RBC3 line hens. The duration of LH surges was not different between lines (Fig. 3c) . Blind LH surges occurred in 5 of 7 RBC3 and 3 of 11 Egg line hens. The rates of blind LH surges were 23.3% (10/43) and 8.9% (9/101) in the RBC3 and Egg line hens, respectively (Fig. 3d) .
For RBC3 line hens the distribution of intervals ranged from 28 to 74 h, while for Egg line hens the distribution of intervals ranged from 20 to 38 h (Fig. 4a) . The mean within-hen and between-hen CVs for LH surge intervals in RBC3 and Egg lines hens were 21.9% and 10.9%, and 7.2% and 9.6%, respectively. Hens #28 and #60 of the RBC3 line ( Fig. 2 ) each had one LH surge interval of Ͼ72 h over the 10-day sampling period (74 and 73 h, respectively), resulting in the mean within-hen CV of RBC3 line hens being much greater than that of Egg line hens. If it is assumed that these two longer intervals in hens #28 and #60 are intersequence intervals normally associated with pause days between sequences, and they are removed and the intrasequence intervals of LH surges recalculated, the mean within-hen and between-hen CVs for the RBC3 line become 15.6% and 3.7%, respectively. The distribution of hen mean intrasequence LH surge intervals was greater (Fig. 4b) for the RBC3 than Egg line hens (P Ͻ 0.001).
The baseline and surge amplitude concentrations of P 4 were not different (P Ͼ 0.05) between the RBC3 and Egg line hens ( Table 2 ). Surges of P 4 occurred coincidentally with LH surges (Fig. 2) , but no changes in P 4 concentrations were observed during a pause day between sequences (Fig. 2, hen #28 ) The E 2 concentrations were not different (P Ͼ 0.05) between RBC3 and Egg line hens (Table 2) .
DISCUSSION
Egg production curves of the Egg and RBC3 lines are given in Figure 5 for the previous generation. Peak production was about 85% for the Egg line hens and 55% for the RBC3 line hens. Note that peak production of both lines started shortly after initiation of egg production and was maintained for several weeks before the normal decline in rate of egg production began. The main finding of the current study was that there was a difference in the interval between preovulatory surges of LH between the lines at peak of egg production, and this difference in LH surge interval probably accounts for a major portion of the difference in peak egg production between the lines.
Percentage egg production rates can be estimated from LH surge intervals by the relationship of 24 (h) Ϭ observed interval (h) between LH surges ϫ 100%. Egg production rates estimated from intervals of LH surges were 92.3% (24.0 h Ϭ 26.0 h ϫ 100%) for the Egg line hens and 60.8% (24.0 h Ϭ 39.5 h ϫ 100%) for the RBC3 line hens. Both of these estimates are slightly higher than the peak rates observed the previous generation for hens of these lines (85% and 55%, respectively; Fig. 5) . The above estimates of egg production rates are based on the intervals calculated from all surges of LH-P 4 . When corrected for the occurrence of blind LH-P 4 surges, estimated egg production rates FIG. 2. Individual laying turkey hen plasma concentrations of LH, P 4 , and E 2 over 10 days of hourly serial bleeding. Concentrations of LH are given for each hourly sample. Concentrations of P 4 were measured only in samples collected 5 and 6 h before LH surge peak samples to determine the baseline concentrations of P 4 , and in samples collected 2 and 3 h after LH surge peak samples to determine the surge amplitude concentrations of P 4 . Concentrations of E 2 were measured in every 8th hourly serial sample, independently of LH surges. Closed circles at the top of each panel represent approximate times of oviposition of eggs based on palpation and egg collection records. Open circles at the top-right corner of some panels represent a hard-shelled egg in the shell gland (HS) at autopsy. Arrows give assigned association of an LH surge to the oviposition of an egg based on palpation and egg collection records. Each LH surge was coincident with elevated P 4 concentrations, but not all LH surges were associated with oviposition of an egg. Surges of LH not associated with ovipositions are called blind LH-P 4 surges. The question mark(s) in some panels indicate blind LH-P 4 surges.
decreased to 84% for Egg line and 47% for RBC3 line hens, values nearly identical to or slightly less, respectively, than observed in the previous generation.
The current study was conducted at peak rate of lay. The range of LH surge intervals for Egg line hens was from 21 to 38 h. In the earlier report of Yang et al. [11] , where Egg line hens later in their reproductive period were used, some intervals between LH surges of Ͼ40 h were detected. These longer intervals, attributed to pause days between oviposition sequences, were not detected in the Egg line hens in the current study. In the current study, long intervals between LH surges (Ͼ50 h) were detected in two of the seven RBC3 line hens. The present observations and those of Yang et al. [11] suggest that under constant lighting, Egg line hens at peak rate of lay do not have intervals between LH surges of greater than 40 h that can result in pauses between sequences, but as the hens age, longer intervals resulting in pause days between sequences may occur and contribute to the seasonal decline in rate of lay. These data also suggest that the lower peak rate of lay of the RBC3 line hens may be partially due to pause days between oviposition sequences as well as the observed slower frequency of LH surges and greater incidence of blind LH surges.
Ovipositions and associated ovulations of intrasequence eggs occur during open period windows [28, 29] in chickens [30] , Japanese quail [31] , and turkey [10, 11] hens. The position of the open period windows within diurnal lighting schedules is dependent on and modified by the species of bird, lighting schedule, and length of the oviposition sequence. When a photoschedule of constant light is used, oviposition times become unsynchronized between hens and randomly dispersed throughout the subjective 24-h day, and the interval between ovipositions becomes minimal for each individual hen [11] .
One possible explanation of blind LH-P 4 surges is that they are associated with internal ovulations. Internal ovulations occur when an ovulated ovum does not enter the infundibulum to be transported through the oviduct for completion of egg formation and oviposition. A high rate of internal ovulations has been reported at initiation of lay in male line turkey hens selected for increased growth rate [32] . Causes of internal ovulations are largely unknown but may be due to abnormal or lack of muscle contraction by the infundibulum that may be influenced by neural or hormonal control mechanisms associated with ovulation.
FIG. 5.
Hen per day egg production rates of RBC3 and Egg line turkey hens for test hens of the previous generation from the hens utilized in the present study. These hens were photostimulated with 14L:10D daily. Weeks of production were calculated independently for each hen from day of first egg. The egg production rate of Egg line hens peaked at about 85% and then gradually declined to about 60% after 36 wk of production, whereas the egg production rate of RBC3 line hens peaked at about 55% and then declined to about 30% after 26 wk of production.
Whether the RBC3 line hens were more sensitive to the stress of serial bleeding, altering the incidence of blind LH-P 4 surges, than the Egg line hens is unknown. On the other hand, the incidence of LH-P 4 blind surges might be associated with selection for increased body weight and thus may have contributed to the lower egg production in hens of growth-selected lines of turkeys.
Some of the samples used for E 2 concentration estimation were coincident with LH-P 4 peaks and many but not all of these coincident samples had slightly higher values than those not coincident with LH-P 4 peaks (Fig. 2) . However, E 2 does not fluctuate much during preovulatory surges of LH-P 4 . The physiological function of E 2 appears to be related more to production of yolk precursor lipoproteins [26, 33] by the liver and the development of the oviduct [34] than the induction of ovulation. Unpublished data from the authors' laboratory have shown that E 2 concentrations are maintained at very stable and high (0.35 ng/ml) concentrations for the 48 h before first ovulations at puberty in turkey hens, suggesting that changes in the concentration of E 2 are not related to induction of ovulation in turkey hens as proposed for the ewe [35] .
There was a greater number of hierarchical follicles in the ovaries of the RBC3 line than Egg line hens, although the Egg line hens laid more eggs during serial bleeding and historically have a higher rate of egg production (Fig. 5) . Previous reports have shown that selection for increased growth rate is associated with an increase in double-yolked eggs in turkeys [15, 17, 36, 37] , but no double-yolked eggs were laid by either line during the present trial. A greater number of multiple hierarchy follicles has also been observed in growth-selected lines in previous studies [15] , as in the present study.
The relationship between P 4 surges and ovulation was not apparent from the current study, in which a total of 144 LH surges were detected, and each LH surge was associated with elevated plasma P 4 . Injections of exogenous P 4 [38] [39] [40] and GnRH [39, 41] at a proper time (open period) during ovulatory cycles have been shown to induce premature ovulations in chicken hens. In laying turkey hens, however, Yang et al. [42] reported that injection of exogenous P 4 did not induce an LH surge or premature ovulation. Thus, the relationship between LH and P 4 surges and ovulation in turkey hens may be different than in chicken hens.
Bahr et al. [43] reported that a greater amount of P 4 was secreted by the granulosa cells of mature F 1 follicles than the less mature smaller follicles of the hierarchy. These data suggest that even though there was an increase in the number of follicles in the hierarchy in RBC3 line hens, the maturity of their F 1 and smaller follicles in regard to P 4 secretion during the LH-P 4 surge, or between surges, was not different than in Egg line hens.
In conclusion, the longer interval between LH surges in RBC3 line turkey hens was associated with a poorer egg production rate than in the Egg line hens that have an excellent egg production rate. The RBC3 line hens had a higher within-hen CV of LH surge interval, which might be associated with pause days that were not found in the Egg line hens. There was a higher percentage of blind LH surges in the RBC3 line hens, possibly leading to a higher relative rate of internal ovulations. These results agree with our hypothesis that a longer interval between LH surges is associated with a poorer egg production rate in turkey hens.
